This study explored the adsorption of lead ion from aqueous solution onto biochars produced from date seed biomass. Initial evaluation of nine date seed-derived biochars showed that biochar prepared at 550 °C and heating time of 3 h (DSB550-3) was the best adsorbent for Pb 2+ ion removal. Therefore, it was selected for further investigation in batch and column experiments. The effects of contact time, initial Pb 2+ concentration, and solution pH were studied. Solution pH showed strong effect on the adsorption ability of DSB550-3 biochar to the lead ion, and the maximum adsorption capacity was found to occur around pH 6.0. The batch maximum adsorption capacity of DSB550-3 biochar was 0.360 mmol g −1 . The equilibrium data were adequately fitted to Freundlich and Langmuir isotherms (R 2 = 0.97). The adsorption kinetics were best described by pseudo-second-order model (R 2 = 0.94). The breakthrough curve obtained from the column experiment was best described by the modified dose-response model (R 2 = 0.95). The desorption efficiencies of Pb 2+ were 2.1%, 23%, 12%, and 55% for DI water, 0.1 M HCl, 0.1 M CaCl 2 , and a combination of 0.1 M HCl + 0.1 M CaCl 2 eluents, respectively. FTIR analysis and batch experiments results suggested that Pb 2+ adsorption mechanism was dominated by complexation with active surface groups, precipitation, and cation exchange. Experimental and model results suggested that date seed-derived biochar has high adsorption capacity for Pb 2+ compared to other plant-based biochars reported in other literature.
Introduction
Heavy metals such as lead are highly toxic chemicals that can cause harmful effects to humans and the environment. Lead can enter the ecosystem from natural sources as well as industrial activities such as petroleum refining, electrical and electronic products, and mining. World and Health Organization (WHO) has identified lead as 1 of 10 top toxic pollutants of major public health concern around the world impacting 18-22 million people globally . Lead can cause severe damage to the nervous system, kidney, brain, and reproductive system (Goel et al. 2005) . Accordingly, the Australian drinking water guidelines set the maximum allowable Pb 2+ concentration to less than 0.01 mg L −1 (NHMRC 2015) . A variety of physicochemical treatment methods have been developed to control or remove lead from aqueous solutions including ion exchange, chemical precipitation, and membrane separation. Among these methods, adsorption using activated carbon (AC) has been generally recognized as one of the convenient and effective treatment method for Pb 2+ removal. However, the cost of AC is relatively high. These challenges prompted researchers to investigate more economical, sustainable, and eco-friendly adsorbents to substitute AC for heavy metal removal . Biochar application for environmental remediation is an attractive alternative because of the abundance of lowcost biomass that can be used for biochar production. Furthermore, biochar cost is six times cheaper than AC due to the lower energy requirement and the fact that it can be used without further chemical or physical activation (McCarl et al. 2009; Alhashimi and Aktas 2017) .
Biochar is a carbon-rich material derived from thermal decomposition of organics under oxygen-limited condition. Various precursors have been used for biochar preparation including agricultural waste such as rice husk, pinewood, and sugarcane bagasse (Liu and Zhang 2009; Inyang et al. 2011) . Agricultural waste is considered a good source for biochar preparation because they are cheap, safe, renewable, and readily available (Ahmed and Theydan 2012) . Although various precursors have been used as potential candidate for biochar preparation, works related to utilization of date seeds as suitable low-cost biochar is limited. Therefore, the present work attempts to assess the adsorption ability of biochar derived from date seed for lead ion removal from aqueous solution.
Date palm tree (Phoenix Dactylifera L.) is cultivated in arid and semi-arid regions. It has high tolerance to water shortage and extreme hot temperature. According to the latest statistical data of Food and Agricultural Organization (FAO 2014) , the total world production of date was about 8.897 billion tons. Date palm industry is rapidly expanding worldwide, and approximately 35 kg of palm residues per tree is generated annually (Nasser et al. 2016) . Date seed biomass is non-edible waste which represents about onethird of the date weight (Sait et al. 2012 ) making them the largest agricultural by-product in palm-growing countries. Therefore, finding ways to use this agricultural waste sustainably will benefit date producers by creating value-added product as well as offer an environmentally sound waste management option.
Date seed can be introduced as good candidate material to prepare high-quality biochar for heavy metal adsorption from aqueous solution because of its physicochemical properties. Date seed is a carbon-rich material with chemical compositions of lignin, cellulose, hemicellulose, proteins, and hydrocarbons. The lignin contents of the date seed are very high when compared to that of either softwoods or hardwoods (Nasser et al. 2016) . Also, the hemicellulose contents of date seed were relatively like those reported by Bledzki et al. (2010) for typical hardwood materials such as coconut shell. The cellulose and hemicellulose have average per cent elemental compositions of 44.4% carbon, 49.4% oxygen, and 6.2% hydrogen (Ahmad et al. 2012) . Lignin has a three-dimensional polymer of phenylpropane units linked together by C-O-C or C-C bonds making its elemental composition to be higher in carbon (62%) and lower in oxygen (32%) (Jibril et al. 2008) . The high contents of acids of the seeds such as oleic acid are between 41.1 and 58.8% (Al-Shahib and Marshall 2003) , which suggests that the seeds are rich with various surface functional groups such as alcohols, phenolic hydroxides, and ethers. Furthermore, date seed is characterized by its low ash content and high volatile matter and therefore, much surface area is generated due to loss of volatile organic matters during pyrolysis process. Hence, the conversion of date seed into high-quality biochar provides a new solution to the recycle and reuse of non-edible waste to produces valuable products (i.e. biochar) for environmental applications.
Recently, date seed biomass has received considerable attention as a lignin origin for preparing activated carbon (El-Naas et al. 2010) . Several studies have examined date seed activated carbon for adsorption purposes (Girgis and El-Hendawy 2002; Bouchelta et al. 2008; Alhamed and Bamufleh 2009; El-Hendawy 2009) . Our previous work showed that date seed biochar is characterized by relatively considerable specific surface area, well-developed porous structure, and the presence of various surface functional groups (Mahdi et al. 2016) . Furthermore, it showed good adsorption ability for methylene blue (MB) removal from aqueous solution.
Therefore, the present work attempted to assess the adsorption potential of date seed-derived biochar for lead ion removal from aqueous solution. Additionally, most studies encountered in the literature about biochar adsorption were carried out in batch mode which, although provides useful information on adsorption parameters, is not the most practical application in wastewater treatment. Therefore, column experiment was also conducted to provide further information about the adsorption behaviour. The aim of this study was to evaluate the adsorption potential of biochar prepared from date seed under various pyrolysis conditions for Pb 2+ removal. The equilibrium isotherms, uptake kinetics, column dynamics, and the mechanisms of Pb 2+ -biochar interaction were investigated in depth.
The objectives of the study were:
• Investigate the Pb 2+ adsorption capacity of biochar prepared at different pyrolysis conditions.
• Identify optimal biochar preparation conditions to achieve maximize Pb 2+ adsorption from lead solutions.
• Identify optimal process conditions to maximize adsorption of Pb 2+ on biochar using batch experiments.
• Investigate the adsorption of Pb 2+ from aqueous solutions in column experiments.
• Study the leaching potential of Pb 2+ from loaded biochar.
Materials and methods

Chemicals
All the chemicals used in the experiments were of analytical reagent grade. A 5.0 mM Pb 2+ stock solution was prepared by dissolving 1.656 g of Pb(NO 3 ) 2 in 1.0 L of deionized water (DI). Then, dilutions of different concentrations ranging from 0.3 to 4.0 mM were prepared. The initial pH of the Page 3 of 13 181 solutions was adjusted as needed using 0.1 M NaOH and 0.1 M HCl.
Biochar preparation
Date fruit of full ripeness (Khalas cultivar) was used. The seeds were washed, dried, and then placed in covered crucibles and purged with N 2 gas to provide a low oxygen environment then placed inside a muffle furnace (Lenton furnace). Nine sets of biochars were prepared by varying pyrolysis temperature (350, 450, and 550 °C) and heating time (1, 2, and 3 h). Biochar samples were washed with deionized water to remove fine particles and then crushed and sieved to particle size in the range from 0.6 to 1.4 mm. All the biochars were labelled according to their pyrolysis temperature and heating time (DSBTemp-Time): DSB350-1, DSB350-2, DSB350-3, DSB450-1, DSB450-2, DSB450-3, DSB550-1, DSB550-2, and DSB550-3.
Biochar characterization
Scanning electron microscope (SEM JEOL JSM-6510) was used to examine the surface morphology of biochar before and after Pb 2+ adsorption. FTIR analysis of the biochar before and after Pb 2+ adsorption was conducted using (PerkinElmer Spectrum two) to determine the surface functional groups onto the biochar surface. Boehm titration method was used to quantify the acidic functional groups onto biochar surface (Boehm 2002) . The pH of biochar was determined according to ASTM D6851 method (ASTM 2011). Biochar specific surface area was determined using methylene blue adsorption (Nunes and Guerreiro 2011) . Water-extractable cations and CEC were analysed with a sequential water-BaCl 2 extraction following Kloss et al. (2012) method. Further details on the biomass and biochar physicochemical characteristics are found in our previous work (Mahdi et al. 2016) .
Batch adsorption experiments
Screening of different biochars
Biochars prepared at different pyrolysis conditions were screened to compare adsorption uptake capacity of Pb 2+ from aqueous solution. Biochar (0.10 g) was mixed with 10 mL of Pb 2+ solution (initial concentration of 0.50 mM) in 50 mL glass container. The initial solution pH was adjusted to 6.0 by adding 0.10 M NaOH or HCl. The mixture was shaken using rotary shaker at 30 rpm for 24 h. Then, the mixture was separated using a 0.45 µm Millex ® syringe filter. The final concentration of Pb 2+ was determined using atomic absorption spectroscopy (Avanta-GBC). The amount A control run of adsorption experiment was also carried out to investigate the effect of glassware and sampling instruments and showed that the quantity of Pb 2+ adhering on the container walls and other instruments were negligible (3.65 ± 0.84%). Adsorption performance of date seed biomass in their native form was also investigated and compared to the biochar. All experiments were repeated three times under the same conditions and average values were reported.
Effect of solution pH on adsorption
Solution pH was investigated in the range of 2.0-6.0 by mixing 0.10 g of biochar with 10 mL of Pb 2+ solution at initial concentration of 0.50 mM in 50 mL glass container. The initial pH of the solution was adjusted using 0.1 M of NaOH or HCl as required. The mixture was shaken using rotary shaker at 30 rpm for 24 h at room temperature (23 ± 2 °C), then the mixture was separated, and the final concentration of Pb 2+ was determined. Above pH 6.0, precipitations become an issue; therefore, pH values above 6.0 were not studied.
Adsorption isotherms experiments
The Pb 2+ uptake onto biochar as function of metal concentration was studied by varying Pb 2+ concentration while keeping all other parameters constant. The experiments were conducted by mixing 0.10 g biochar samples with 10 mL of Pb 2+ solutions at initial concentrations in the range 0.3-4.0 mM using 50 mL glass container. The experiments were performed at room temperature (23 ± 2 °C) and pH 6.0. The mixture was shaken for 24 h at 30 rpm, and then it was separated using a 0.45 µm Millex ® syringe filter. The amount of Pb 2+ adsorbed on the biochar q e (mmol g −1
) is determined using Eq. (1). The relationship between the amounts of metal adsorbed (q e ) and metal concentrations (C e ) at equilibrium was described by Langmuir, Freundlich, and the Temkin isotherms models as shown in Table 1 (see supplementary sheet for further detail).
The thermodynamic equilibrium of Pb 2+ adsorption was obtained at 25 °C by calculating the Gibbs free energy (ΔG°) for the adsorption process Eq. (2) (Anastopoulos and Kyzas 2016):
where ΔG° is the change in free energy (kJ mol −1 ), K L is the equilibrium constant, R is the gas constant (8.314 J K 
Adsorption kinetics
The kinetics experiments were performed by mixing 1.0 g of the biochar with 100 mL of Pb 2+ solution at initial concentration of 0.5 mM, and the solution pH was kept at 6.0. The mixture was shaken for 1440 min using rotary shaker at 30 rpm. Samples were drawn at specified time intervals and analysed. The amount of Pb 2+ adsorbed at time q t (mmol g −1 ) was calculated as:
where C o is the initial Pb 2+ concentration (mM), C t is the Pb 2+ concentration at given time t (mM), V is the solution volume (L), and W is the biochar weight (g). To explore the adsorption mechanisms of Pb 2+ uptake onto DSB550-3 biochar, the common kinetic models such as the pseudofirst-order and pseudo-second-order kinetics models were applied to fit the experimental data.
The linearized form of pseudo-first-order model is given as below:
where q e and q t are the amount of Pb 2+ adsorbed (mmol g −1 ) at equilibrium and at time t, respectively. k 1 (min −1 ) is the pseudo-first-order adsorption rate constant. The values of k 1 and q e are obtained from the slopes and intercepts of the linear plot of ln(q e − q t ) against t.
A pseudo-second-order kinetic model is expressed in linearized form as in Eq. (5):
The second-order rate constant k 2 and q e are obtained from the intercept and the slope of the plot obtained by plotting t/q against time t.
Column adsorption experiments
Column adsorption studies were carried out using glass column of 50 cm length and 2.5 cm internal diameter fitted with a suction filter. To avoid air entrapment, pre-wetted DSB550-3 biochar (bulk density of 490 kg m −3 ) was packed up with 12 g biochar to the desired bed height (5 cm). The biochar bed was supported by 1 cm layer of glass beads (2.0 mm diameter). Metal solution of 0.5 mM concentration and initial pH of 6.0 was then percolated through the column at a flow rate of 1.0 mL min −1 using a peristaltic pump (Masterflex L/S-Cole/Palmer). The effluent samples at the outlet of the column were collected at regular time intervals, and the column was operated until the concentration of metal effluent exceeded 95% of its initial concentration. The experiments were performed in duplicate at room temperature.
The value of the total mass of metal adsorbed, q t (mmol), can be calculated from the area under the breakthrough curve as shown in Eq. (6):
Equilibrium metal uptake or maximum capacity of the column, q eq (mmol g −1 ), in the column is determined by Eq. (7): where m is the dry weight of adsorbent in the column (g).
Total amount of metal ion entering column (m t , mmol) is calculated by Eq. (8): Langmuir isotherm
It proposes a monolayer adsorption onto a surface with a finite number of identical sites
It is based on adsorption onto a heterogeneous surface
ln AC e It proposes that the adsorption heat of all the molecules in the layer would decrease linearly with coverage due to adsorbent-adsorbate interactions
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The removal percentage (R%) of lead ions is determined by Eq. (9):
Desorption experiments
Loaded biochar obtained from the earlier experiments were used to determine the desorption behaviour of Pb 2+ . Deionised water, 0.1 M HCl, 0.1 M CaCl 2 , and mixture of 0.1 M HCl and 0.1 M CaCl 2 were used as desorption agents. The laden biochar was first rinsed with DI water (10 mL) to remove any unabsorbed Pb 2+ and oven-dried at 50 °C for 24 h. The quantity of Pb 2+ released into DI water was determined using AAS (Avanta-GBC). Then, dried biochar samples (0.10 g each) were transferred to a clean flask containing 10 mL of 0.1 M HCl, 0.1 CaCl 2 , or 0.1 M of 50/50 mixture (HCl + CaCl 2 ). The mixture was agitated in rotary shaker at 30 rpm for 24 h. After elution, biochar was filtered to measure the concentration of Pb 2+ leached in the solution. The desorption efficiency is determined by Eq. (10):
Statistical analysis
Regression analysis was used to investigate correlations between pyrolysis conditions and biochar adsorption of Pb 2+ ion. The analysis was performed using SPSS ver. 22. One-way ANOVA and Tukey post hoc (HSD) tests were also performed to determine the significance of the differences between the adsorption capacities of the biochars prepared at different pyrolysis temperatures and heating time.
Results and discussion
Initial evaluation for Pb 2+ removal Figure 1 shows the removal efficiency (R%) of Pb 2+ ion of the different biochars as a function of pyrolysis temperature and heating time. As shown in Fig. 1 , biochar prepared at 550 °C and long heating time 3 h (DSB550-3) showed highest adsorption of Pb 2+ ion among the tested biochars. The adsorption removal efficiency of Pb 2+ ion by DSB550-3 was (96.7% ± 0.84%). Furthermore, the lowest removal efficiency (73.1% ± 7.98) was observed for DSB350-1 biochar, while the adsorption performance of date seed biomass in their native form had the lowest removal efficiency (12.8% ± 5.51).
The removal rate of Pb 2+ ion increased with the increasing pyrolysis temperature and heating time, which is
(10) Desorption % = amount of metal ion desorbed amount of metal ion adsorbed × 100 consistent with our findings about methylene blue adsorption on date seed biochars (Mahdi et al. 2016) . Our results are also in agreement with Yakkala et al. (2013) who investigated Pb 2+ adsorption using biochar derived from buffalo weed at different pyrolysis temperatures (300, 500 and 700 °C) and reported that adsorption capacity increased with pyrolysis temperature. This can be attributed to the influence of pyrolysis temperature and heating time on the biochar physicochemical characteristics. Regression analysis showed relatively strong correlation between adsorption capacity and the pyrolysis temperature (r = 0.72) and heating time (r = 0.74), and these correlations were significant (p < 0.05). Furthermore, ANOVA with HSD post hoc analysis revealed that DSB550-3 has significantly higher adsorption capacity for the Pb 2+ than all other biochars tested in this study. Because DSB550-3 was the best adsorbent, further investigations were conducted to determine the governing adsorption mechanisms of lead ion on the biochar.
Characteristics of biochar
The physicochemical properties of biochar significantly affect its heavy metal adsorption ability and thus the mechanisms governing metal removal by biochar (Li et al. 2017) . The physicochemical properties of the biochars prepared in this study are presented in Table 2 . The carbon content, ash content, surface area, pH, and CEC of the biochars increased with increasing pyrolytic temperature. The increased percentage of the ash content of biochar (6.79-12.67%) can be attributed to the removal of organic compounds during the pyrolysis. The ash content of biochar samples is positively correlated with biochar pH. Although the pH of biochars varies considerably with pyrolysis temperature, heating ; time = 24 h; pH 6; room temperature; particle size = 0.6-1.4 mm) time, and type of feedstock (Li et al. 2017) , generally, biochar exhibits alkaline nature (Claoston et al. 2014) . A positive relationship has been observed between biochar pH and pyrolysis temperature as shown in Table 2 . This can be attributed to the release of alkali salts from the organic matrix during the pyrolysis process (Chen et al. 2014; Claoston et al. 2014) .
Surface area of biochar is the major physical characteristic that influences adsorption capacity of biochar for heavy metal ions removal (Li et al. 2017) . Biochar surface area varies considerably with pyrolysis temperature and heating time. When biomass is subjected to pyrolysis, volatile organic matter is released and progressively increasing surface area of the resultant biochar (Claoston et al. 2014) . Increasing the temperature from 500 to 900 °C, Chen et al. (2014) reported that the surface area of biochar increased from 25.4 to 67.6 m 2 g −1 . However, in some cases, biochar produced at high-temperature displays lower surface area due to the destruction or blocking by tar (Li et al. 2017 ). In our case, biochars prepared at low temperatures and short heating times had smaller surface area which may have limited the Pb 2+ ions access to the surface-active sites (Table 2) . Biochar mineral composition including potassium (K + ), calcium (Ca 2+ ), magnesium (Mg 2+ ), and sodium (Na + ) can also contribute to metal adsorption via cation exchange capacity (Li et al. 2017 ). In our study, increasing pyrolysis temperature from 350 to 550 °C led to the increase in total base cations contents in biochar, contributing to increased biochar pH. Furthermore, the disappearance of acidic functional groups such as carboxylic COOH for biochars prepared at higher pyrolysis temperature is another contributor. At higher temperature, biochar yield is lower with high ash content and thus enriching minerals in biochar. The CEC of biochars pyrolyzed at different pyrolysis conditions is given in Table 2 , and the results showed that CEC of biochar increased with the increase in pyrolysis temperature. Biochar with high CEC can exhibit higher tendency to adsorb heavy metal cations by releasing light metal cations like K + , Ca 2+ , and Mg 2+ .
Morphological structure of biochars before and after Pb 2+ adsorption was examined using SEM spectra as shown in Fig. 2 . The SEM images showed that the roughness of the biochar surface and the size of the pores enhanced with increasing pyrolysis temperature. Similar results were also reported by Chen et al. (2017) . In general, biomass rich with lignin content develops macroporous biochar, while biomass rich in cellulose yields a predominantly microporous biochar (Joseph et al. 2007 ). SEM images after Pb 2+ adsorption further revealed that Pb 2+ deposition mainly occurred on the biochar surface and in the mesopores rather than micropores. Similar observation was reported by Han et al. (2013) for Cu 2+ and Zn 2+ adsorption on switchgrass and woody biochar. This can be due to Pb 2+ precipitation on the accessible surfaces as well as bonding to active sites (Chen et al. 2011a, b; Kim et al. 2013) .
Surface functional groups of biochar such as carboxylic, amino, and hydroxyl groups play important roles in metal adsorption onto biochar. Boehm titration results showed that the total acidic functional groups on biochar surface decreased with increasing pyrolysis temperature from 350 to 550 °C (Table 2 ). This can be attributed to the higher degree of carbonization suggesting decrease in abundances of hydroxyl (OH) and carboxylic (COOH) groups. This is consistent with the increased biochar pH from 6.95 to 8.58. Similar observation was also reported by Al-Wabel et al. (2013) . Surface functional groups of DSB550-3 biochar before and after Pb 2+ adsorption based on the FTIR spectra were identified as shown in Fig. 3 . It can be seen from Fig. 3 that absorption band intensities were shifted after Pb 2+ adsorption. The shift to higher wave numbers from 1563 to 1678 cm −1 related to the C=O stretching vibration after Pb 2+ adsorption. This indicates a possible adsorption mechanism involving π-π interactions between Pb 2+ ion and C=O in carboxylic and ester groups of biochar (Jia et al. 2013 ). Furthermore, the band peak at approximately 534 cm −1 can be ascribed to the inorganic oxide (Chen et al. 2011b) . Therefore, the oxygen-containing functional groups onto biochar surface play beneficial role for adsorbing lead ion from aqueous solution. Based on the above results, the mechanisms controlling Pb 2+ removal onto date seed-derived biochar can be identified as complexation with surface functional groups, physical adsorption due to porous structure, metal precipitation, and cation exchange mechanism.
Effect of pH on adsorption
The adsorption of Pb 2+ ion by the DSB550-3 biochar was studied over a pH range of 2-6, keeping all other parameters constant as shown in Fig. 4 . It can be seen from Fig. 4 , Pb 2+ adsorption increased linearly from pH 2 to 4, then levelled between pH 4 and 5, before slightly increasing towards pH 6. The maximum Pb 2+ adsorption was achieved in the pH range between 5 and 6. The maximum "pure" Pb 2+ adsorption due to pH function may have occurred around pH 5. This range is in agreement with other researchers who reported that the highest adsorption of Pb 2+ onto date seed activated carbon was achieved within the pH range 5-6 (Abdulkarim and Abu Al-Rub 2004; Danish et al. 2011) . The solution pH affects the surface charge as well as the speciation of the metal ions (Li et al. 2017) . At lower pH, competition for binding sites between Pb 2+ and H + results in lower uptake of metal (Bouhamed et al. 2012) . The observed increase in adsorption around pH 6 may have been caused by some precipitation as Pb(OH) 2 as a result of the solution buffering to pH > 6 during agitation due to the high pH of the biochar. Higher solution pH > 6.0 was avoided due to hydrolyse and precipitation of metal ions as Pb(OH) 2 . Therefore, all the subsequent experiments in this study were carried out at the optimum initial pH 6.0 to achieve maximum Pb 2+ removal. Figure 5 shows the effect of contact time on Pb 2+ ion removal. It can be seen from the figure that the adsorption rate reached equilibrium within 360 min and then became practically constant (24 h). This can be explained by the availability and accessibility of vacant adsorption sites on the biochar surface. However, as time passed and active sites were occupied, the remaining vacant sites became difficult to access due to physical constraints and repulsion forces (Cheng et al. 2016) . Adsorption kinetics parameters with the correlation coefficients are represented in Table 3 . As shown in Fig. 5 , the experimental data are better fitted by pseudo-second-order model (R 2 = 0.94) than other kinetics models. This suggests that chemisorption was the dominant mechanism; primarily involved in inner-sphere complexation and precipitation. This agrees with our observations from the FTIR analysis and the SEM images. The relatively long time required to reach equilibrium (360 min) further suggest that electrostatic ion exchange (which commonly reach equilibrium in few minutes) may be comparably small (Zhang and Lo 2006) .
Adsorption kinetics
Adsorption isotherms
The amount of Pb 2+ adsorbed onto DSB550-3 biochar increased with increasing initial Pb 2+ concentrations and 
Fig. 5
Effect of contact time on Pb 2+ adsorption onto DSB550-3 (initial Pb 2+ concentration = 0.5 mM; pH 6; room temperature; biochar: solution ratio = 10 g L −1 ; particle size = 0.6-1.4 mm) finally reached an upper adsorption limit as shown in Fig. 6 . This can be attributed to the limited adsorption sites on biochar surface. At lower Pb 2+ concentrations, abundant vacant sites were available for Pb 2+ to be adsorbed on the biochar. However, as Pb 2+ concentration increased in the solution, the adsorption sites on biochar surface were saturated. As shown in Fig. 6 , adsorption isotherm was adequately fitted to both Langmuir and Freundlich equations with a correlation coefficient R 2 of 0.97. Temkin isotherm showed lower fit to the experimental data (R 2 = 0.88). Freundlich equation, based on the adsorption intensity value (n = 1.366), suggests that the reaction was favourable and that Pb 2+ adsorption is more of chemisorption than physical adsorption . Peruchi et al. (2015) discussed that for n > 1, the adsorption occurs on the heterogeneous media where high energy sites were occupied first, followed by adsorption at lower energy sites. Table 4 shows the adsorption isotherms parameters and the correlation coefficients obtained for the linear forms of the isotherms equations. Table 5 shows some of the reported values for lead adsorption on different material. It should be noted that comparison is rather difficult due to the varying experimental conditions employed in these studies such as adsorbent properties, pH, temperature, particle size, and metal concentration. Nevertheless, the data suggest that date seed-derived biochar is a promising adsorption material.
Column adsorption studies Figure 7 shows the breakthrough curve obtained from the column experiments. The breakthrough time was defined as the point at which the effluent concentration (C t ) reached about 1% of the influent concentration (C o ) and was found to occur at 40 min. The saturation time (t s ) was defined as the point when the effluent concentration reached 99% of C o and was found to occur at 420 min. As shown in Fig. 7 , the breakthrough was reached within the first hour. This might have been caused by the high initial concentration which contributed to the abundance of ions causing saturation of the available sites (Maheshwari and Gupta 2016) . The relatively broad transfer zone may be attributed to the slow mass transfer rate which is consistent with the relatively long equilibrium time observed in the uptake kinetic curve (Fig. 5) . Insufficient bed depth may have also broadened the mass transfer zone and shortened the breakthrough time (Ahmad and Hameed 2010) . Qaiser et al. (2009) found that at lower bed depth, axial dispersion is the governing mechanism of mass transfer. Therefore, insufficient bed depth may lead to short residence time that is insufficient for metal ions to diffuse throughout the bed.
From the breakthrough curve, the total removal (R%) and the equilibrium adsorption capacity (q eq , mmol g −1 ) were found to be 43% and 0.007 mmol g −1 , respectively. The adsorption capacity for Pb 2+ uptake onto the biochar was much less than the batch mode results (Fig. 6 ). Similar observations were reported by Qaiser et al. (2009) and Ahmad and Hameed (2010) . This can be attributed to the insufficient contact time (t b ) which did not allow the Pb 2+ to diffuse into biochar particles and therefore, the adsorption process could be still ongoing and adsorption equilibrium had not been reached. This was consistent with the kinetics results where the required time to reach equilibrium was about 360 min.
Mathematical modelling of fixed bed column adsorption
Several mathematical models have been developed to describe the breakthrough curve for column design including Adams-Bohart, Thomas, and modified dose-response models. Thomas model (Eq. 11) is based on the assumptions of Langmuir's kinetics of adsorption-desorption and negligible axial and radial dispersion (Malkoc and Nuhoglu 2006) : Adams-Bohart model (Eq. 12) assumes that equilibrium is not instantaneous and the adsorption rate is proportional to the adsorption capacity remaining on the adsorbent (Goel et al. 2005 ).
where t is the breakthrough time (min); C o the influent concentration (mM); C t the concentration at breakthrough (mM); N o the adsorptive capacity (mmol L −1 ); Z is bed depth (cm); v the linear flow rate (cm min −1 ); K AB is the Adams-Bohart rate constant [L (mmol min)
−1 ]. Both K AB and N o can be determined from the slope and the intercept of the straight line obtained by plotting ln[(C o /C t ) − 1] against t.
The modified dose-response model (Eq. 13) is a simplified mathematical model which can reduce the error resulting from Thomas model, particularly at lower or higher time periods of the breakthrough curve (Yan et al. 2001) . ; initial concentration = 0.5 mM; particle size = 0.6 mm; pH 6.0) where t is the breakthrough time (min); C o is influent concentration (mM); C t is concentration at breakthrough (mM); q the adsorptive capacity (mmol g −1 ); m biochar weight, (g); a is the modified dose-response model constant. Both a and q can be determined from the slope and the intercept of the straight line obtained by plotting ln [C t 
Both Adams-Bohart (R 2 = 0.76) and Thomas model (R 2 = 0.77) showed reasonable fit to the experimental data. However, adsorption experimental data showed better agreement with the modified dose-response model (R 2 = 0.95) as shown in Fig. 7 . Other researchers also reported that the modified dose-response model can more adequately describe heavy metal adsorption (Yan et al. 2001; Vijayaraghavan and Prabu 2006) . According to the modified dose-response model, the maximum Pb 2+ adsorption capacity (q) in the packed column was found to be 0.219 mmol g −1 , which is less than the Langmuir maximum adsorption capacity obtained from the batch experiments (0.360 mmol g −1 ). However, Fig. 7 shows that the adsorption of Pb 2+ onto the biochar displays a twostage phenomenon which is consistent with our findings from the batch experiment (Fig. 5) . The assumed shape of the modified dose-response model does not capture this phenomenon which may have led to inaccurate prediction of the q value.
Adsorption thermodynamics
Adsorption thermodynamic of Pb 2+ was evaluated by using Gibbs free energy change (ΔG°). The calculated Gibbs free energy value of (ΔG° = − 29.1) indicated that the adsorption reaction of Pb 2+ was a spontaneous process (Anastopoulos and Kyzas 2016) . Figure 8 shows the results of the desorption experiments. Desorption of Pb 2+ from the biochar using DI water as eluent agent was negligible (0.001 mmol g −1 , 2.1%) compared to measured amount of adsorbed (0.046 mmol g −1 ). HCl was more effective, causing 23% (0.011 mmol g −1 ) of the adsorbed lead to desorb. However, a solution composed of 0.01 M HCl and 0.1 M CaCl 2 was the most effective with 55% (0.026 mmol g −1 ) desorption efficiency. Biochar has long-term stability in the environment due to its physicochemical properties and its chemical stability (Harvey et al. 2011; Méndez et al. 2012) . Therefore, the results suggest that the loaded biochar may be suitable for disposal into designated landfill if it is protected from acidic leachate. Furthermore, if not disposed of in landfill, the exhausted biochar may be regenerated using successive elution with HCl and CaCl 2 .
Desorption studies
Conclusions
Lead adsorption on date seed-derived biochar was studied using batch and column experiments. Regression analysis showed that the biochar adsorption capacity for Pb 2+ was positively and linearly correlated with the pyrolysis temperature and heating time. Biochar prepared at 550 °C for 3 h had the highest Pb 2+ adsorption capacity. The amount of Pb 2+ adsorbed was found to vary significantly with initial Pb 2+ concentration, solution pH, and contact time. Langmuir and Freundlich isotherm models were a good fit (R 2 0.97) for Pb 2+ adsorption onto biochar. Maximum adsorption capacity of 0.360 mmol g −1 was obtained at pH of 6.0. Adsorption kinetics showed that the adsorption reaction reached equilibrium after 6 h. Experimental data showed good agreement with the pseudo-second-order kinetic reaction model (R 2 0.94). The breakthrough curve obtained from the column study showed good agreement with the predicted results obtained from the modified dose-response model (R 2 0.95). The adsorption capacity in the column experiment was found to be 0.219 mmol g −1 . The negative adsorption standard free energy changes indicate that the adsorption reaction is spontaneous process. Based on batch and column studies, biochar has the potential to be an efficient sorbent for Pb 2+ removal from aqueous solution. 
